Animals generally require a dietary supply of various nutrients (vitamins, essential amino acids, etc.) because their biosynthetic capabilities are limited. The capacity of aphids to use plant phloem sap, with low essential amino acid content, has been attributed to their symbiotic bacteria, Buchnera aphidicola, which can synthesize these nutrients; but this has not been demonstrated empirically. We demonstrate here that phloem sap obtained from the severed stylets of pea aphids Acyrthosiphon pisum feeding on Vicia faba plants generally provided inadequate amounts of at least one essential amino acid to support aphid growth. Complementary analyses using aphids reared on chemically defined diets with each amino acid individually omitted revealed that the capacity of the symbiotic bacterium B. aphidicola to synthesize essential amino acids exceeded the dietary deficit of all phloem amino acids except methionine. It is proposed that this shortfall of methionine was met by aphid usage of the non-protein amino acid 5-methylmethionine in the phloem sap. This study provides the first quantitative demonstration that bacterial symbiosis can meet the nutritional demand of plant-reared aphids. It shows how symbiosis with micro-organisms has enabled this group of animals to escape from the constraint of requiring a balanced dietary supply of amino acids.
INTRODUCTION
The central role of nitrogen in the nutritional ecology of animals is complicated by the fact that nitrogen sources vary in their nutritional value (Karasov & Martínez del Rio 2007) . In particular, animals cannot synthesize de novo the carbon skeletons of some amino acids that contribute to protein; these are called essential amino acids. As a consequence of this metabolic limitation, an adequate supply of every essential amino acid is required for animal growth, irrespective of the concentration of all other amino acids. Some animals are, however, believed to have escaped from the metabolic requirement for a balanced dietary supply of essential amino acids by forming symbioses with symbiotic micro-organisms that both synthesize and provide them with essential amino acids (Moran 2007) .
Plant phloem sap is one diet with a grossly unbalanced amino acid composition (e.g. Douglas 1993; Sandström & Moran 1999; Sandström 2000) . It is used through the life cycle by members of just one group of animals: insects of the order Hemiptera (Douglas 2006) . The phloem sap feeding habit has evolved multiple times among the Hemiptera and all phloem feeders studied bear symbiotic micro-organisms (Buchner 1965) . Research on the nutritional contribution of the symbiosis in Hemiptera has focused largely on aphids, most of which bear the g-proteobacterium Buchnera aphidicola. There is strong dietary, metabolic and genomic evidence that these bacteria provide their insect host with essential amino acids (e.g. Douglas 1988; Febvay et al. 1999; Shigenobu et al. 2000) . It is assumed widely that the bacterial-derived essential amino acids complement the supply in phloem sap (Douglas 2003; Dale & Moran 2006) , but this expectation has not been tested quantitatively. One reason for this caveat to our understanding is that most research on the role of Buchnera in aphid nutrition has been conducted on aphids reared on chemically defined diets, and little experimental consideration has been given to the relevance of these studies to plant-reared aphids. Nevertheless, the phloem sap of Tithonia fruticosa has been shown to be inadequate to meet the growth requirement of the aphid Uroleucon ambrosiae for seven essential amino acids (Bernays & Klein 2002) , but the contribution of the symbiosis to the nutrition of this aphid was not investigated.
The purpose of this study was to quantify the demand of plant-reared aphids for Buchnera-derived essential amino acids and the extent to which Buchnera meets this demand. The experiments were conducted on the pea aphid Acyrthosiphon pisum, which has been the focus of many nutritional studies to date and is gaining additional value as an experimental system with the availability of the complete genome sequence (http://www.hgsc.bcm. tmc.edu/projects/aphid/). The broad bean Vicia faba was selected as rearing plant because it is used by all A. pisum genotypes and the total concentration of amino acids and essential amino acids in phloem sap is similar across V. faba and various other host plants of A. pisum (Sandström & Pettersson 1994) .
MATERIAL AND METHODS
A. pisum clone LL01 derived originally from an alfalfa crop in France was maintained under the same conditions on threeto four-week-old pre-flowering plants and on chemically defined diets of formulation A containing 0.15 M amino acids and 0.5 M sucrose. The diets contained all 20 protein amino acids (the standard diet) or one essential amino acid was omitted, such that the dietary amino acid concentration was 135.7-147.1 mM. Aphids for experiments were obtained by allowing plant-reared adult apterae to larviposit on plants or diets for 24 h. These larvae were termed one day old and they were used for experiments between day two (second larval stadium) and day seven (fourth larval stadium). To obtain aphids lacking Buchnera, adults were transferred to the standard diet with 50 mg rifampicin ml K1 and larvae they deposited were maintained on this diet to day two.
(b) Performance assays Two-day-old aphids were weighed on a Mettler MT5 microbalance, caged individually on the test diets or in mesh cages clipped to the abaxial surface of plant leaves. All surviving aphids were reweighed on day seven, and their relative growth rate (RGR) was determined as: ln(day seven weight/day two weight)/time. The protein content of the aphids was determined by the Coomassie Brilliant Blue microassay method of BioRad, following manufacturer's instructions (http://www.bio-rad.com/cmc_upload/Literature/ 55685/4110065A.pdf, catalogue number 500-0201), with bovine serum albumin as standard (1.25-25 mg protein ml
K1
). Where the experimental design precluded killing aphids, the protein contents were obtained by calculation using empirically determined values of protein per unit weight: 60G1.5, 53G1.5 and 38G1.6 mg mg K1 (mean Gs.e., nZ20) for day two aphids, day seven untreated aphids and day seven antibiotic-treated aphids, respectively. The s.e. of the calculated protein content was estimated as ((s.e./mean) of weightC(s.e./mean) of protein per unit weight)!mean calculated protein content. The contribution of individual amino acids to aphid protein growth was obtained from the product of protein growth (obtained in this study; see below) and percentage contribution of each amino acid to aphid protein .
(c) Phloem sap analysis Phloem sap samples of V. faba were collected by stylectomy of A. pisum using a procedure modified from Fisher & Frame (1984) and described fully in Douglas et al. (2006) . Briefly, the stylets of a feeding aphid were cut with a platinum needle using a high frequency pulse from a microcautery unit (Syntech CA-50, Hilversum, The Netherlands). Sap exuding from the stylet stump into a pool of water-saturated light white mineral oil (Sigma) was collected into a sialinized microcapillary tube backfilled with mineral oil. The collections were made at 6-10 h after the onset of the light period. Subsamples of known volume were obtained with constriction pipettes, diluted to 10 ml distilled water and stored at K208C prior to analysis.
Phloem amino acids were quantified by reverse-phase HPLC following derivatization with o-phthaldialdehyde ( Jones et al. 1981 ) using a Hewlett-Packard HP1100 Series autosampling CL system with C 18 ZORBAX, Eclipse XDB-C8 column and fluorescence detection. The amino acids were quantified by comparison to the AA-S-18 standard amino acids (Sigma) supplemented with tryptophan, asparagine and glutamine. Data are displayed for all protein amino acids apart from cysteine and proline, which cannot be detected by this method, and histidine, which could not be separated consistently from serine. The histidine : serine in V. faba phloem sap is less than 1 : 10 (Sandström & Pettersson 1994; R. Sturmey & A. E. Douglas 2007, unpublished data) and the serine content in the few unresolved samples was, therefore, over-estimated by up to 10 per cent. The serine supply in the phloem sap was found to be greatly in excess of aphid demand (see §3, including electronic supplementary material 1), and so the error of less than 10% had no impact on the conclusions.
The volume of phloem sap ingested by two-to seven-day-old aphids reared on plants was estimated from the volume of honeydew produced. Replicate groups of five aphids were enclosed in a 0.5 cm perspex ring that was clipped to the underside of a leaf positioned above a 6 cm Petri dish containing water-saturated paraffin oil. The honeydew droplets produced by the aphids sank to the bottom of the oil. For 20 replicates in which no aphids vacated the ring, all the honeydew droplets in each dish of paraffin oil were collected into a graduated microcapillary tube (with a small volume of oil on either side of the honeydew to prevent evaporation), enabling the total honeydew volume to be determined.
RESULTS
When two-day-old larvae were reared on the host plant V. faba, they increased in weight from 0.195G0.008 mg to 0.792G0.020 mg at seven days (mean Gs.e., nZ15), during which period each aphid produced 5.2G0.37 ml honeydew (mean Gs.e., nZ20). The mean protein contents of these aphids were 11.7G0.76 and 42.0G 1.89 mg, respectively, indicating that the aphids had grown by 30.3 mg protein, equivalent to 288 nmol N. Figure 1a shows the mean contribution of each amino acid to the total aphid protein growth.
The phloem sap exuding from severed stylets of feeding aphids contained 299G41 mM amino acids (mean Gs.e., nZ8). The amino acid composition is shown in figure 2. The dominant amino acid was the non-essential asparagine, at 126G31 mM, accounting for 42 per cent of the total amino acids. The essential amino acids had a total concentration of 52.3G7.26 mM (17.5% of the total). These values are comparable to published values, e.g. 46.8 mM (20.3%) of 230.5 mM total amino acids in V. faba phloem sap analysed by Sandström & Pettersson (1994) .
From the mean amino acid content of phloem sap and volume of aphid honeydew produced, the mean total amino acid nitrogen ingested by each two-to seven-day-old aphid was calculated as 2322 nmol. This was eight times greater than the amount required for the observed protein growth (288 nmol) of the aphids, indicating that the diet supplied sufficient nitrogen for aphid growth. However, the phloem sap ingested did not meet the aphid growth requirement for up to seven amino acids, varying among the plants tested (figure 1b; electronic supplementary material 1). Six out of the eight plants had insufficient methionine to meet the aphid requirements, and the supply of just two essential amino acids, threonine and valine, was adequate in every phloem sample. The plant supply of all non-essential amino acids was in excess of aphid demand, apart from glycine in one phloem sample.
To explore the bacterial contribution to the aphid amino acid requirements directly, the biosynthetic capacity of Buchnera was determined. This requires that the composition of the food ingested is both known precisely and could be manipulated, which is feasible for aphids reared on chemically defined diets but not on plants.
Extensive research over several decades indicates that nutritional data for diet-reared aphids are broadly representative of aphids on plants (Douglas 2003) . The aphids studied here could be maintained readily through one generation on the standard diet (containing all 20 protein amino acids), and the larval RGR on this diet, at 0.276G0.009 mg mg K1 d K1 (nZ17), did not differ significantly from that on plants at 0.281G0.004 mg mg K1 d K1 (nZ15; t 22 Z0.05, pO0.05). These data give added confidence in the use of diet-reared aphids to quantify essential amino acid production by Buchnera. Figure 3a shows the mean RGR of 20 replicate aphids reared on diets from which each of the essential amino acids had been omitted individually. The antibiotic treatment that eliminated Buchnera significantly depressed the RGR (as demonstrated in many previous studies; see reviews of Wilkinson (1998) and Douglas (2003) ), to an extent that varied with dietary amino acid composition (statistical analysis shown in legend to figure 3a) .
The capacity of Buchnera to provide each essential amino acid to the aphids was estimated from the aphid protein growth that could be attributed to the symbiosis on the diet lacking that amino acid. This was obtained by subtracting the protein growth of antibiotic-treated aphids from that of untreated aphids (see electronic supplementary material 2). The amount varied across the amino acids, from 18 nmol for leucine to 0.98 nmol for tryptophan (figure 3b; electronic supplementary material 2). From these data, the extent to which the bacteria met aphid demand for Buchnera-derived essential amino acids on each of the eight V. faba plants was estimated. The aphids had an apparent net deficit of methionine on three plants (nos. v, vi and viii) but the remaining 18 (86%) out of 21 instances of insufficient supply of an essential amino acid in the phloem sap were met by the biosynthetic capacity of Buchnera (figure 1b).
DISCUSSION
The key results from this study of the pea aphid reared on its host plant V. faba are that the supply of essential amino acids in phloem sap is generally inadequate to support the observed aphid growth and that this shortfall can be met largely by the essential amino acid biosynthetic capability of the symbiotic bacteria Buchnera (figure 1). The analysis provides an empirical demonstration of the long-held but previously untested belief that Buchnera enables aphids to subsist on a diet of plant phloem sap.
Nevertheless, the analysis is founded on certain simplifying assumptions. In one respect, it tends to underestimate the aphid demand for Buchnera amino acids. The calculations assume that phloem amino acids are assimilated across the aphid gut wall and incorporated The proportion of the shortfall met by Buchneraderived amino acids is shown above each bar; note that glycine is a non-essential amino acid and any shortfall can be met by aphid metabolism (ala, alanine; asx, aspartic acid and asparagine; glx, glutamic acid and glutamine; gly, glycine; ser, serine; tyr, tyrosine; arg, arginine; ile, isoleucine; leu, leucine; lys, lysine; met, methionine; phe, phenylalanine; thr, threonine; trp, tryptophan; val, valine).
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into protein with 100 per cent efficiency. Empirical values of the amino acid assimilation efficiency of aphids are generally in excess of 80 per cent and the conversion efficiency to protein varies among amino acids, which are used to variable extents as a respiratory fuel and in other roles, e.g. neurotransmitters and pigments derived from tryptophan Febvay et al. 1999; Douglas et al. 2001; Wilkinson et al. 2001) . A second simplifying assumption has the opposite effect of overestimating aphid demand. It is that aphids derive phloem essential amino acids exclusively from free amino acids. Phloem sap contains other potential sources of amino acids, including proteins, small peptides and non-protein amino acids. For most essential amino acids, the significance of these alternative sources of amino acids is probably small. The total concentration of phloem proteins in most plants is low, at 0.1-2 mg ml K1 (Douglas, 2003; Kehr 2006) , which is equivalent to 0.2-5 per cent of the mean free amino acids quantified in V. faba phloem sap (figure 2). The extent to which aphids can use these nitrogen sources is uncertain. Although peptidases are expressed in aphid guts (Leckstein & Llewellyn 1974; Cristofoletti et al. 2006 ) and presumably released into the gut lumen, pea aphids appear to have only limited capacity to degrade ingested protein (Rahbé et al. 1995) . Among non-protein amino acids, S-methylmethionine attains appreciable concentrations in the phloem sap of various plants including the lupin (Bourgis et al. 1999) , a species related to V. faba used in this study; and it is a potential source of methionine for aphids. A candidate enzyme catalysing the recovery of methionine from S-methylmethionine is homocysteine S-methyltransferase (HMT). Although Buchnera probably lacks this capability (it has no homologue to the E. coli HMT, mmuM (ZyagD; Thanbichler et al. 1999) , a putative pea aphid HMT is represented by the EST cluster APD5842 (www. aphidests.org) with significant homology (E value 2eK50) to HMT of Drosophila melanogaster (CG10621). We hypothesize that 5-methylmethionine contributes to the methionine requirements of aphids, including, for example, the pea aphids feeding on V. faba with phloem profiles as represented by plants nos. v, vi and viii in figure 1b.
Pertinent to these considerations of the amino acid nutrition of aphids is the variability of amino acid supply in phloem sap. There is a substantial body of evidence for variation in phloem amino acid content and composition among plant species and with the developmental age of the plant, season and abiotic factors including temperature, water stress and irradiance (e.g. Sandström & Pettersson 1994; Girousse et al. 1996; Corbesier et al. 2001; Karley et al. 2002) . Compounding this variation, the amino acid profile of phloem sap also varies at the fine scale of the individual sieve elements, as is highlighted by the threefold variation in total phloem amino acid content among the uniformly aged plants reared under tightly controlled conditions in this study (figure 1b), and the fourfold variation in total amino acid concentration among sieve elements from a single wheat plant studied by Gattolin et al. (2008) . We can be confident that aphids use this range of sieve elements because the phloem samples are collected by stylectomy of feeding aphids (see §2), and an individual pea aphid can feed from a single sieve element of V. faba for many hours ( Wilkinson & Douglas 1998) . The crucial implication of the variation in phloem amino acids is that the aphid demand for Buchnera-derived essential amino acids is variable. Studies of diet-reared aphids indicate that the bacterial supply of essential amino acids varies according to that demand ( Febvay et al. 1999 ). An important topic for future research is the mechanisms by which the profile of amino acids released from Buchnera cells is controlled and integrated into the wider regulation of the amino acid nutrition of the insect host, in the context of the variable dietary supply of these essential nutrients.
This study is also relevant to the intra-and interspecific variation in the nutritional ecology of aphids. In particular, aphid genotypes vary in their dietary requirement for essential amino acids (e.g. Srivastava et al. 1985; Wilkinson & Douglas 2003) , indicative of variation in the supply of these nutrients from the symbiotic bacteria Buchnera. The methods described here to quantify the contribution of Buchnera to the nutritional demand of plant-reared aphids provide the basis to explore the impact of Buchnera variation on the plant usage traits of different aphids. This approach can also be applied more widely to investigate the nutritional contribution of symbiotic micro-organisms to a range of insect groups feeding on plant sap and other nutritionally inadequate diets. 
